Abstract-Because fish represent the principal methylmercury (MeHg) pool in the water column of freshwater systems, MeHg released from their carcasses could represent an important flux to the environment. Necrophagous invertebrates such as fly larvae can play an important role in this Hg recycling. We studied Hg accumulation by blowflies (Diptera, Calliphoridae) feeding on beached fish carcasses in the field. We found that the MeHg these flies accumulated as larvae is retained in their pupal stage but is eliminated by the adult following emergence. We conclude that calliphorids possess an efficient mechanism for excreting the MeHg that they accumulate from carcasses.
INTRODUCTION
The largest pool of methylmercury (MeHg) in the biota of freshwaters is found in fish tissues [1, 2] . Because MeHg is a neurotoxicant, the health of natural predators of fish (including humans) can be affected by fish consumption [3] . It generally has been considered that piscivorous animals are at the top of aquatic food chains, and thus contain the highest amount of MeHg. However, necrophagous insects and their predators can be even higher up the food web than fish [4] . The results of recent studies [5, 6] suggest that necrophagous invertebrates recycle mercury (Hg) from fish carcasses. In particular, calliphorid larvae feeding on beached Pacific salmon carcasses can accumulate and biomagnify Hg to levels up to 30-fold higher than their parents, and twice that of the salmon carcasses on which they feed. However, it is unclear if these fly larvae retain this Hg through all of their developmental stages. This is important to know because adults would be more likely to transfer Hg to the terrestrial environment than would larvae. Previous studies have indicated that emerging aquatic insects can be important in the transfer of contaminants from the aquatic to the terrestrial environment [7, 8] . In this paper, we present the results of a field experiment in which we measured changes in Hg in carcass-associated blowflies through their various developmental stages (egg, larva, pupa, adult).
MATERIAL AND METHODS

Collection of field samples
Four brook trout carcasses (Salvelinus fontinalis; mean Ϯ standard deviation [SD] , dry weight ϭ 532 Ϯ 72 g; mean [ϮSD] length ϭ 34 Ϯ 3 cm) were inserted individually in minnow traps (n ϭ 4) placed close to the shore of Le Petit Lake (Sainte-Foy, PQ, Canada) in mid-May 2002.
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Carcasses were monitored continuously for 12 h at the start of the experiment, during which time native adult blowflies, referred to as adults (lay), were collected immediately after they had laid their eggs on a carcass. After 12 h, each minnow trap was inserted into a perforated plastic bag to avoid subsequent colonization by other flies and to keep blowfly larvae in fish carcasses for the full duration of the experiment. Day 0 began when we placed the carcasses in plastic bags. To follow changes in the Hg content of fish during decomposition, we collected fish tissues at times 0 and 12 d. On day 0 we collected dorsal muscle, whereas on day 12 we collected a mixture of decomposing muscles and internal organs. The collection of all blowfly stages was done over a period of one month. Specifically, we sampled blowfly adults (lay), eggs, larvae less than 1 cm of length, larvae greater than 1 cm in length, prepupae, pupae, and adults emerging from carcasses (referred to as adults emerged from each fish carcass). Individual animals or fish tissues were then inserted on Teflon sheets in 1.5 mlhigh density polyethylene microcentrifuge tubes and frozen [9] . Samples were then freeze-dried (lyophilizer FTS Systems; Mountain View, CA, USA) and subsequently homogenized with a Teflon-coated piston, using the centrifuge tube as the mortar.
Hg analyses
Ultraclean techniques associated with mercury sampling were used in this study. Sample bottles and laboratory glassware were acid-washed with 15% HNO 3 (v/v), 1% HCl (v/v) and carefully rinsed seven times with ultrapure water (Milli-Q system water, Bedford, MA, USA; Ͼ18 Mohm·cm Ϫ1 ) while wearing unpowdered latex gloves.
We measured the total Hg concentration in each blowfly developmental stage and in the dorsal muscle of fish using a direct mercury analyzer (DMA-80, atomic absorption spectrophotometry, Monroe, CT, USA) with thermal combustion (drying: 10 s at 160ЊC; thermal desorption: 150 s at 750ЊC). Quality , dry wt), (b) total Hg burden (ng individual Ϫ1 ), and (c) dry weight (mg individual Ϫ1 ) for the various developmental stages of blowflies: Adults (lay), eggs, larvae smaller than 1 cm, larvae longer than 1 cm, prepupae (pp.), pupae, and adults (emerged) collected from four brook trout carcasses. Different letters represent a significant difference between stages (multifactorial analyses of variance, p Ͻ 0.05). The standard error is shown.
control was assessed by using reference material for appropriate matrices: Hg concentrations in reference material varied little over time and were not significantly different from certified values (marine dogfish: DORM-2, coefficient of variation ϭ 9%; lobster hepatopancreas: TORT-1, coefficient of variation ϭ 3% [National Research Council of Canada, Ottawa, ON]; oyster, coefficient of variation ϭ 4% [National Bureau of Standards-1566, Washington, DC, USA]).
The extraction and ethylation of MeHg from the various developmental stages of blowflies collected from carcass 3 and from fish tissues (carcasses 1 and 3) were conducted according to the methods described by Bloom [10, 11] . Fish carcass 3 was used for MeHg analyses in blowflies because it was the one that provided sufficient biomass for all of the developmental stages. Briefly, MeHg was extracted with a 25% (w/ v) KOH/MeOH solution at a temperature of 68ЊC for 8 h. For MeHg ethylation, lactic acid and 1% (w/v) sodium tetraethylborate were added. Ethylated MeHg from the solution was purged on a Tenax column (Scientific instrument Services, Ringoes, NJ, USA), which was then dried for 10 min. The derivatized Hg species were thermodesorbed onto a GC column. 
Statistics
We used multifactorial analyses of variance ([ANOVA]; factor 1: Hg in carcasses; factor 2: Larval stages) to test for the effect of Hg in different carcasses. This ANOVA indicated that there was no direct effect or interaction of total Hg in different carcasses on total Hg in larval stages (p Ͼ 0.05, n ϭ 99). Therefore, we pooled all the data (Fig. 1) . Differences in MeHg concentrations and burdens between developmental stages of blowflies in carcass 3 were tested with a one-way ANOVA (Fig. 2) . Differences in total Hg and MeHg concentrations for each fish carcass between days 0 and 12 were tested with a t-test. All analyses were performed using SYSTAT (Ver 10, SPSS Science Marketing Department, Chicago, IL, USA).
RESULTS AND DISCUSSION
Total Hg and MeHg concentrations in brook trout carcasses (Table 1) decreased significantly between days 0 and 12 (ttest, p ϭ 0.005-0.04, n ϭ 4 per carcass). This suggests that either blowfly larvae preferentially fed on tissues rich in Hg, such as muscle and liver, and/or the activity of larvae in carcasses caused a mixing of Hg-rich muscle tissues with lesscontaminated internal organs.
For all carcasses, both total Hg and MeHg concentrations and burdens increased significantly from eggs to pupae (multifactorial ANOVA, p ϭ 0.0004-0.017, n ϭ 99; Figs. 1a,b and 2a,b). Maximum Hg values in pupae were four times higher than those in colonizing adults.
Small and large blowfly larvae had similar total Hg concentrations (ANOVA, p Ͼ 0.05; Fig. 1a ) but differed in their total Hg burdens (ANOVA, p ϭ 0.001, n ϭ 37; Fig. 1b) , suggesting that total Hg accumulation occurred at the same rate as the addition of larval tissues (Fig. 1c) . In contrast, large larvae had higher MeHg concentrations and burdens than did small larvae (ANOVA, p ϭ 0.001, n ϭ 14; Fig. 2a,b) , which suggests that MeHg is biomagnified between fish and blowfly larvae. Note that this conclusion is based on the data collected on a single carcass and, therefore, should be considered with caution. The concentration factor, calculated as the ratio of the total Hg concentration in blowflies to that in fish [12] , was lower for larvae (0.84) than for prepupae and pupae (1.3 and 1.6, respectively). The concentration factor calculated using MeHg concentrations (blowflies collected on carcass 3) reached 0.57 for small larvae, 1.0 for large larvae, 1.7 for prepupae, and 1.93 for pupae. However, all of these concentration factors were lower than those reported for calliphorid larvae feeding on Pacific salmon carcasses (concentration fac- ) for the different developmental stages of blowflies: Adults (lay), eggs, larvae smaller than 1 cm, larvae longer than 1 cm, prepupae (pp.), pupae, and adults (emerged) collected from brook trout carcass number 3. Different letters represent a significant difference between stages (analyses of variance, p Ͻ 0.05). The standard deviation is shown except for blowfly eggs for which the single value was below the detection limit (shown by *). Table 1 . Mean (Ϯ standard deviation) concentrations of total Hg and MeHg (ng g Ϫ1 , dry wt) measured in fish tissues from four brook trout carcasses at day 0 (dorsal muscle) and day 12 (mixture of muscles and internal organs). The capital letters represent a significant difference in the Hg concentrations measured in fish carcasses between days 0 and 12 (t-test, p Ͻ 0.05) Carcass no. tor ϭ 2.3 for total Hg [5] ). The difference likely is explained by the fact that, in our study, less than 50% of the Hg in the dorsal muscle of brook trout is MeHg (Table 1) , whereas in the dorsal muscle of Pacific salmon carcasses more than 80% of the Hg is MeHg [5] . The higher concentration factors reported for Pacific salmon suggest that blowfly larvae are able to excrete inorganic mercury more effectively than MeHg (strongly bound to proteins), which is in agreement with results obtained in a laboratory experiment on blowflies by Nuorteva and Nuorteva [4] . The proportion of MeHg increased from small larvae (30%) to large larvae (65%) to pupae (90%), suggesting that MeHg taken up from fish is largely retained through the various stages. This result contrasts with the trends reported for some other Diptera [13] [14] [15] and Lepidoptera [16, 17] for which some metal is eliminated between the larval and pupal stages. Adults following emergence had much lower total Hg (Fig.  1a) and MeHg (Fig. 2a) [15, 16] . The meconium is reported to be an effective means of eliminating metals for insects of several orders including the Neuroptera [15] , Lepidoptera [16, 17] , and Diptera [4, 13] . For example, Kazimirova and Ortel [15] showed that, following emergence, flies can eliminate via the meconium 30% of their Cd, 50% of their Pb, and 40% of their Cu. Nuorteva and Nuorteva [4] observed in the laboratory that up to 80% of the Hg measured in pupae was defecated in the meconium of adult blowflies. Thus blowflies have a well-developed ability to decrease their Hg content via the meconium.
CONCLUSION
We conclude that blowfly larvae efficiently accumulate MeHg from fish carcasses but lose most of this MeHg after emergence. Thus, beetles, juvenile salmon, spiders, and birds feeding on larvae [4, 18] would be exposed to high Hg concentrations and could develop symptoms of mercury poisoning (i.e., leg paralysis) causing death [4] , whereas predators of calliphorid adults would be less likely to suffer such a fate. The ecosystem fate of the MeHg associated with the meconium is unknown.
